Although research addressing body size misperception has focused on socio-cognitive processes, such as internalization of the "ideal" images of bodies in the media, the perceptual basis of this phenomenon remains largely unknown. Further, most studies focus on body size per se even though this depends on both fat and muscle mass -variables that have very different relationships with health. We tested visual adaptation as a mechanism for inducing body fat and muscle mass misperception, and assessed whether these two dimensions of body space are processed independently. Observers manipulated the apparent fat and muscle mass of bodies to make them appear "normal" before and after inspecting images from one of four adaptation conditions (increased fat/decreased fat/increased muscle/decreased muscle). Exposure resulted in a shift in the point of subjective normality in the direction of the adapting images along the relevant (fat or muscle) axis, suggesting that the neural mechanisms involved in body fat and muscle perception are independent. This supports the viability of adaptation as a model of realworld body size misperception, and extends its applicability to clinical manifestations of body image disturbance that entail not only preoccupation with thinness (e.g., anorexia nervosa) but also with muscularity (e.g., muscle dysmorphia).
Scientific RepoRts | 7:40392 | DOI: 10.1038/srep40392 evidence that the relationship between exposure to different bodies and body size misperception may be mediated by a perceptual adaptation effect. While the early literature concentrated on linking examples of media exposure and body size misperception outside the laboratory, more recent experimental studies have established a causal link under controlled conditions [17] [18] [19] [20] [21] . Adaptation has been extensively examined in visual perception, wherein extended exposure to a particular image (the "adaptation" stimulus) causes a visual aftereffect: a bias in the observer's perception of similar "test" stimuli 22 . For example, viewing a pattern of thin vertical stripes for 30 seconds causes a set of broader stripes to appear even wider than they really are, and vice versa -the well-known spatial frequency aftereffect 23, 24 . By examining the magnitude of aftereffects following exposure to various adaptation and test stimuli, this technique provides a non-invasive means of studying the neural mechanisms responsible for their processing 25 . Early work on visual adaptation included simple stimuli differing in terms of their basic perceptual properties, such as direction of motion, colour, orientation and spatial scale 26 . More recently, researchers have begun to examine the aftereffects that occur in more complex stimuli such as faces, which are believed to result from adaptation to higher-level neural structures. In face perception, aftereffects have been found to occur with facial expressions 27 , age 28 , sex and race 29 , and even for geometrical deformations such as expansion or contraction [30] [31] [32] . The psychological explanation for these higher level effects is usually couched in terms of changes to the cognitive representation 33 , or to the updating of perceptual "norms" 34 , formed from the average of recently encountered faces. In general, the stimuli to which the participant is exposed are incorporated into the pool of faces that are averaged, making the average more similar to those faces. For example, when an expanded face is viewed for an extended period, the observer's norm is temporarily shifted such that these stimuli are perceived as less unusual or extreme. Consequently, a face that previously appeared normal now appears contracted. This norm shift is thought to be the result of the reduction of sensitivity that is known to result from prolonged stimulation of cells in the visual system 35, 36 . As with faces, body aftereffects have been demonstrated along several dimensions including size 21, 37 , gender 38, 39 , viewpoint and pose 40 . As with face distortion aftereffects, adaptation to images of bodies that have been compressed or stretched horizontally to simulate smaller or larger body sizes results in perceptions of what is average shifting to appear more similar to the adaptation images 21 , along with effects on judgements of attractiveness [41] [42] [43] [44] . This effect has been replicated using more realistic computer generated bodies 18 and real photographs 36 . Importantly, researchers have demonstrated that body size aftereffects can transfer between adaptation images of other individuals and test images depicting one's self 17, 19, 37 . This kind of cross-adaptation is necessary if the mechanism of adaptation is to provide an explanation for real-world examples of body size misperception and the link with exposure to images of thin models in the media.
The majority of body adaptation experiments to date have focused on a simple concept of body size. However, bodies typically vary in terms of their levels of fat and muscle, which together form the two-dimensional concept of body composition. While both of these dimensions have a positive relationship with body size, muscle and fat have opposite relationships with health. Generally, increased body fat has a negative impact on health 45, 46 , while the effect of increased muscle mass is positive 47 . As the health risks associated with being overweight are associated with high fat, not muscle, body composition is arguably a more important measure than simple body size 48, 49 . Body composition is a crucial concept in understanding body size misperception, its associations with body dissatisfaction and the sex differences in these associations. In females, body dissatisfaction tends to relate to the amount and distribution of body fat 50 , whereas in males it typically relates to a desire for both less fat and greater muscle mass 51 . Further, body fat dissatisfaction and muscle dissatisfaction, in their extreme forms, appear to be associated with distinct, though related, forms of psychopathology 51, 52 . Thus, individuals (typically males) with the body image disorder muscle dysmorphia tend to misperceive their muscularity but not their level of body fat 53, 54 , while individuals (typically females) with anorexia nervosa have been found to misperceive their levels of body fat, not muscle mass 55, 56 . If the examples of body size misperception can be considered to be real-world examples of visual adaptation, as suggested by previous experimental studies, then this technique should be capable of producing independent effects of exposure to fat and muscle. Such a result would reflect independent neural mechanisms for these two stimulus attributes, and the shifting of norms specifically along separate dimensions of body space. To establish whether or not this is the case, this study will adapt observers to photorealistic images of bodies that have a high or a low level of body fat or muscle mass and assess the resulting perceptual aftereffect specifically in terms of these two independent dimensions. If the perception of body fat and muscle mass is confounded by a single neural mechanism encoding body size, exposure to bodies with high or low levels of body fat should alter perceptions of both body fat and muscle mass, as should exposure to muscular bodies. However, if body size is encoded independently along the dimensions of muscle mass and body fat, then it is predicted that prolonged exposure to bodies with high or low body fat should alter perceptions of body fat, but not muscle mass, and vice versa. This question has not previously been examined.
Methods
All methods were performed in accordance with the relevant guidelines and regulations, and were approved by the Macquarie University Human Research Ethics Committee.
Participants. Stimulus collection involved 192 Caucasians (64 males) between the ages of 18 and 30 years
(M = 20.76 years, SD = 5.35). These photographic subjects did not participate further. Following this, perceptual judgements were made by 64 observers (25 males). All had normal or corrected to normal vision, were over 18 years of age (M = 22.62 years, SD = 4.81) and were naïve to the experimental hypotheses. All participants were recruited from a UG Sample at Macquarie University, gave prior informed consent in writing, and participated for course credit or compensation of $20.
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Stimuli. Photographs were taken of subjects wearing standardised tight fitting grey singlets and shorts, posed in a standardised anatomical position from a frontal view 41, 57, 58 . Photographs were taken inside a booth that was painted in Munsell N5 neutral grey, and illuminated with 15 high accuracy d65 fluorescent Philips tubes in high frequency fixtures to reduce the effects of flicker. A Canon 50D digital camera was used, with exposure, ISO and custom white balance held constant. A Tanita SC 330 body composition analyser was used to measure weight, body fat and muscle mass, and a fixed measuring tape was used to measure height. This device measures body fat and muscle mass using the Bioelectrical Impedance method, which has an accuracy of ± 2%, and gives readings up to a precision of 0.1 kg 59 .
Images of male and female subjects were treated separately. The background of all images was rendered a uniform grey, and Psychomorph was used to align stimuli to remove translational and rotational variation between images. Stimuli were then manipulated independently in terms of their apparent body fat and muscle mass using Psychomorph version 6 60 . For each image, 130 landmark points were marked to delineate the features of the body. Regression analyses were used to calculate a standardised body fat score for each body that controlled for muscle mass and height, and a standardised muscle mass score that controlled for body fat and height. Images with muscle mass more than 1 standard deviation from the mean were temporarily removed, after which the images were ranked by standardised body fat scores. The 10 highest ranked images for each sex were grouped, and the location of each landmark point was averaged to create a 'high fat' prototype for each sex, while the lowest 10 were averaged to create a 'low fat' prototype. The same process was repeated using muscle mass scores to create the 'high muscle' and 'low muscle' prototypes for each sex. However, due to the smaller sample of males with extreme muscle and average fat, only 5 images were used for the male 'muscle' prototypes. The difference in mean body fat and muscle mass for each prototype can be seen in Table 1 . Independent samples t-tests showed significant differences in fat levels, but not muscle levels, for the 'fat' prototypes, and significant differences in muscle levels, but not fat levels, for the 'muscle' prototypes.
These prototype images allowed us to define the image transformations that accompany increases or decreases in body fat or muscle independently of any other aspects of the image, using Psychomorph. Twenty-five male and 25 female images with both body fat and muscle mass scores less than 1 standard deviation from the mean that were not used in the creation of the prototypes were selected as test identities for fat and muscle transformations. Each image was manipulated in 13 equidistant steps along the body fat dimension from a manipulation of 100% of the difference between the prototypes towards the low fat prototype and ending with a 100% manipulation towards the high fat prototype.
Each of the 13 images were then individually manipulated in 13 equidistant steps along the muscle mass dimension from 100% of the difference between the prototypes towards the low muscle prototype and ending with a 100% manipulation towards the high muscle prototype. This resulted in a two-dimensional grid of images that increased incrementally by 13 steps along the body fat dimension and 13 steps along the muscle mass dimension, resulting in a set of 169 images for each test identity (see end-points in Fig. 1 ).
Images were formatted to 600 × 900 pixels for use as test stimuli and 450 × 675 pixels for use as adaptation stimuli to avoid low-level retinotopic adaptation aftereffects. The face of each image was obscured with a black square. For each observer, five identities were randomly selected as practice identities, 10 identities were randomly selected as test stimuli and the remaining 10 identities were used as the adaptation stimuli.
A body manipulation tool, created using Matlab, divided the monitor into an invisible grid of 169 cells (13 cells across and 13 cells high), which correspond to the 169 images for each identity. When the mouse cursor, which was not visible to the observers, was placed over a cell the image with the corresponding fat and muscle score was displayed on the monitor. This allowed for independent manipulation of the dimensions of body fat and muscle mass using horizontal and vertical mouse movements.
Procedure. Observers were randomly assigned to one of four adaptation conditions; low fat, high fat, low muscle or high muscle. The testing procedure consisted of 3 blocks; practice, baseline testing and adaptation testing. Images were presented in Matlab version 8.3 (R2014a) and viewed on a 19" Samsung 943BW colour monitor (resolution 1600 × 900 pixels) at a distance of 57 cm.
Observers were then presented with a practice identity and, using the body manipulation tool, were instructed to manipulate the body image until it represented an 'average sized body' , and to select this image with a mouse click. This process continued until all 5 practice identities had been presented.
Baseline testing was then carried out using the same instructions and procedures as those used in the practice phase. Observers were required to manipulate each of the 10 test identities, which were presented in a pseudo-random order, twice. For each observer, a baseline point of subjective normality (PSN) was calculated for body fat (PSN f ) and for muscle mass (PSN m ) by averaging their fat scores and muscle scores respectively.
The adaptation test block was identical to the baseline test block, except for the exposure to adaptation stimuli. "Initial" adaptation preceded the manipulation of any test stimuli: the 10 adaptation stimuli were presented 6 times each for 2 seconds in a random order (total 120 s adaptation time). Top-up adaptation occurred in between each test stimulus presentation, and consisted of 6 different identities randomly selected after each trial from those used in the adaptation phase, each presented for 1 second. The level of fat and muscle displayed in the adaptation stimuli were based on the observer's baseline PSN f and PSN m scores. Those in the high and low fat conditions were presented with adaptation images that were 6 image steps higher (to a maximum of 100%) or lower (to a minimum of − 100%) than their baseline PSN f , and those in the high and low muscle conditions were given adaptation images 6 steps higher or lower than their baseline PSN m . The entire procedure was completed twice, once using male and once using female stimuli, in a counterbalanced order.
Statistical analysis. Adaptation-induced changes in PSN f (henceforth referred to as ∆ PSN f ) and change in PSN m (∆ PSN m ) were calculated by subtracting the baseline PSN scores from adaption PSN scores, expressing the change as a percentage of the extremity of the adaptation image. Positive ∆ PSN f or ∆ PSN m scores corresponded with aftereffects in which perceptions of average body fat or muscle mass increased following adaptation, while negative scores corresponded with aftereffects in which perceptions of average decreased following adaptation. Data were analysed using a 2 × 2 between subjects ANOVA for each of the dependent variables. The between subjects variables were adaptation direction (increase/decrease) and adaptation dimension (body fat/muscle mass).
Results
As expected, the main effect of adaptation direction was significant when considering both perceived fat and perceived muscle (see Fig. 2 ). The fat ANOVA revealed a significantly more positive ∆ PSN f for observers who adapted to images with increased body size (M = 13.5, SE = 2.5), compared to those who adapted to images with decreased body size (M = − 16.2, SE = 2.5), F(1,60) = 67.91, p < 0.0005, η p 2 = 0.53. A similar effect was observed when analysing the effects on perceived muscle mass, where the muscle ANOVA demonstrated a significantly more positive ∆ PSN m for observers who adapted to images with increased body size (M = 11.0, SE = 2.6) compared to observers who adapted to images with decreased body size (M = − 16.8, SE = 2.7), F(1,60) = 51.59, p < 0.0005 η p 2 = 0.46. As expected, neither ANOVA revealed a statistically significant main effect of adaptation dimension (p > 0.05).
In addition, a significant interaction between adaptation dimension and adaptation direction was observed for the fat ANOVA (see Fig. 2 ). The difference between ∆ PSN f for the high and low fat adaptation conditions was significantly greater than the difference between the high and low muscle adaptation conditions, F (1, 60 Four planned comparisons were performed using independent samples t-tests (2-tailed), with an adjusted individual comparison alpha level of 0.0125 (i.e. using Dunn's test 61 to maintain a family-wise error rate of α = 0.05). For body fat settings, mean ∆ PSN f was significantly more positive for the high fat adaptation condition (M = 22.1, SE = 4.6) than the low fat adaptation condition (M = − 31.1, SE = 4.0), t(30) = 8.77, p < 0.0005, whereas there was no significant difference in mean ∆ PSN f between those in the high muscle adaptation condition (M = 4.8, SE = 2.6) and those in the low muscle adaptation condition (M = − 1.1, SE = 2. A post-hoc test of the hypothesis that observers with extreme baseline PSNs on a particular dimension (fat or muscle) might show larger adaptation effects along that dimension (i.e. a positive correlation) was also conducted. Two-tailed Pearson product-moment correlation coefficients (r) were computed to assess the relationship between baseline PSN f and ∆ PSN f for the high and low fat adaptation conditions, and between baseline PSN m and ∆ PSN m for the high and low muscle adaptation conditions. While two conditions showed negative r values, there was no significant correlation between the two variables in any condition, even before considering any adjustment for multiple comparisons (high fat: r = 0.082, p = 0.763; low fat: r = − 0.431, p = 0.096; high muscle: r = 0.186, p = 0.490; low muscle: r = − 0.239, p = 0.373).
Discussion
To investigate the mechanisms of perception for various aspects of human bodies, we used a visual adaptation paradigm, observing the aftereffects of exposure to specific body sizes and shapes. In line with our predictions, observers showed aftereffects of body size after prolonged viewing of large and small bodies (main effects of adaptation direction). These results are consistent with past research regarding body size adaptation, which found that size aftereffects occur such that the point of perceived normality shifts in the direction of the adapting bodies 17, 18, 20, 21, 36, 37 . To examine, for the first time, whether the dimensions of body fat and muscle mass are encoded by common or dissociable neural mechanisms, we observed the specific effects of each adaptation condition on perceived levels of fat and muscle. The hypothesis that dissociable neural mechanisms encode the separate body composition dimensions of body fat and muscle mass was supported, as the effect of adaptation on perceived body fat was significant when adaptation stimuli differed in their fat content but not when they differed in terms of muscle mass. Similarly, an aftereffect on perceived muscle mass was shown when adaptation stimuli involved unusual levels of muscle, but not when they involved unusual levels of fat. The adaptation effect caused by exposure to low fat images appeared to cause a different effect on perceived muscle mass than exposure to high fat images which would be significant in an uncorrected analysis. If this effect were considered significant, it would indicate a surprising asymmetry in the processing of muscle and fat. While bodies that are extreme in their body fat levels (particularly those on the low end of the scale) principally adapt neurons that are tuned to respond to fat, they also adapt muscle mechanisms to a small degree. Yet bodies that are low on muscle do not adapt fat mechanisms. However, after correction for multiple comparisons this effect was not found to be significant. In general, exposure to bodies with extreme fat levels causes fat aftereffects, and exposure to bodies with extreme muscle levels causes muscle aftereffects. This suggests that a multi-dimensional body space, similar to face space 62 may be a useful framework for body perception and representation, and is consistent with the idea that adaptation causes norms to be updated, moving towards the adaptor along a given dimension.
The current study improves on the existing body adaptation literature by using stimuli that more accurately represent various body sizes and compositions. Previous studies manipulated images by stretching the entire image horizontally 21 , by expanding the image principally around the waist-hip region 17 , through the distortion of different body "zones" 36 , or by manipulating computer generated bodies 18 . Instead, we used advanced image morphing techniques to create more realistic manipulations. Furthermore, the photographic subjects came from a non-clinical sample and represented a normal range of body compositions. This improves the ecological validity of the current study, as stimuli are realistic and representative of the variation present in a normal population.
Importantly, these results may have implications for real world examples of body size misperception, including body image disturbance and associated pathologies. A visual adaptation model of body size misperception is consistent with the view that individuals who are of normal weight or underweight may misperceive themselves to be overweight if regularly exposed to low body fat models in the media 7, 14, 15 . For individuals who do not regularly encounter such images and who tend to interact with individuals who are overweight or obese, by contrast, an underestimation of body fat would be predicted 3, 8, 16 . Along similar lines, regular exposure -and hence adaptation -to highly muscular body shapes, in the context of body building training or competition for example, may cause individuals to believe that they are less muscular than they really are. In all of these cases, body size misperception may increase the risk of adverse physical and mental health outcomes 3, 6, 7, 11 . While it may be premature to assert that visual adaptation underlies each of these phenomena, the current study, in concert with the previous literature, attests to the viability of explanations in terms of long-lasting visual aftereffects caused by the continual adaptation of the visual system to specific body types. In agreement with previous studies showing that the body size aftereffect transfers between images of self and other 17, 37 , here, adaptation and test stimuli involve different bodies, showing that the independent fat and muscle aftereffects are not specific to particular images or identities. Further tests of the generality of this effect may involve images taken from different viewpoints, with different clothes, or under different lighting conditions. If the effects persist, the research may be advanced by considering how the adaptation paradigm might be used to reduce levels of body size misperception both in actual real-world settings.
Although it was not possible in this initial study, for which participants were recruited from a convenience sample, with small and unequal numbers of males and females in each group, it would be of interest to examine sex differences in fat-vs muscle-related adaptation effects in future research. Ideally, subgroup sample sizes would be sufficient to manipulate the sex of both photo participants and observers in order to determine the independent effects of both variables. Differences in the susceptibility of males and females to aftereffects from images that are extreme in terms of their fat or muscle content might be hypothesised, given the known sex differences in body image concerns relating to these different dimensions of body composition 43, 44 . On the other hand, findings from recent studies suggest that both females and males are increasingly pursuing a body type characterised by both low levels of adiposity and high levels of muscularity 63, 64 , such that differences in adaptation effects along these dimensions may be less apparent than expected.
In sum, this study is the first to demonstrate that adaptation can occur independently along the different dimensions of body composition. That aftereffects were restricted to the dimension in which the adaptation stimuli varied constitutes evidence for neural mechanisms that are independently sensitive to fat and muscle. The results confirm the viability of visual adaptation as a model of body size misperception and suggest that this model may be applicable to both thinness-and muscularity-oriented manifestations of body image disturbance.
